An unresolved question in neuroscience and psychology is how the brain monitors performance to regulate behavior. It has been proposed that the anterior cingulate cortex (ACC), on the medial surface of the frontal lobe, contributes to performance monitoring by detecting errors. In this study, event-related functional magnetic resonance imaging was used to examine ACC function. Results confirm that this region shows activity during erroneous responses. However, activity was also observed in the same region during correct responses under conditions of increased response competition. This suggests that the ACC detects conditions under which errors are likely to occur rather than errors themselves.
It has been proposed that the ACC plays a prominent role in the executive control of cognition (1) . This hypothesis is based, in part, on functional neuroimaging studies that show ACC activity during tasks that engage selective attention, working memory, language generation, and controlled information processing (2) . Disturbances in this brain region have been reported in disorders associated with cognitive impairment, including schizophrenia and depression (3) . This account of ACC function is consistent with the rich anatomical connectivity of this region with association, limbic, and motor cortices (4). However, it is lacking in detail regarding the precise contribution of the ACC to cognitive control.
To date, the most explicit hypothesis regarding ACC function comes from event-related brain potential (ERP) studies during speeded response tasks. These studies have reported an error-related negativity (ERN), peaking 100 to 150 ms after REPORTS www.sciencemag.org ⅐ SCIENCE ⅐ VOL. 280 ⅐ 1 MAY 1998 a person shows electromyographic evidence of initiating an incorrect response. Dipole modeling suggests that the ERN has a medial frontal generator, possibly the ACC (5). These and other characteristics of the ERN have led to the hypothesis that the ACC is involved in monitoring and compensating for errors. Specifically it has been proposed that this involves a comparator process in which a representation of the intended, correct response is compared to a representation of the actual response (5, 6) .
We propose that rather than implementing a comparator process, the ACC monitors competition between processes that conflict during task performance. For example, response competition arises when a task elicits a prepotent but inappropriate response tendency (manifested as activity in the incorrect response channel) that must be overcome to perform correctly. These conditions are also more likely to elicit incorrect responses, possibly accounting for the relationship of ACC activity to errors. However, our hypothesis predicts that response competition will activate the ACC even when a correct response is made. The present study employed event-related functional magnetic resonance imaging (f MRI) to accomplish two goals. First, we sought to test the hypothesis, suggested by ERN studies, that the ACC shows error-related activity. More important, we also sought to test our alternative hypothesis regarding the functional significance of the ERN and the performance-monitoring function of the ACC.
Thirteen people underwent f MRI (7) while performing variants of the Continuous Performance Test (AX-CPT) (8) that were designed both to increase error rates and to manipulate response competition ( Fig. 1) (9) . We observed a transient increase in ACC activity (10) occurring during incorrect responses (11) (Fig.  2) . However, as predicted by our hypothesis, greater ACC activity was also seen during correct responses, under conditions that elicited greater response competition (12) . We interpret these results as suggesting that the contribution of the ACC to performance monitoring may be the detection of response competition rather than detection of errors per se. Sensitivity to response competition should also produce error-related effects, because error trials are often likely to be those in which activity in the incorrect response channel competes with, and prevails over, activity in the correct response channel.
To determine whether error and competition effects were specific to the ACC, we used two additional analyses. First, we examined error-and competition-related effects in three other regions of interest (ROIs) previously shown to be activated by stimulus degradation (two right inferior frontal regions and a right striatal region) (8). We observed error-related activity in one right frontal region (BA 44/45), but neither this nor the two other ROIs showed competition effects (13) . Next, we examined error and competition effects in an exploratory analysis of all brain regions scanned (14) . Three regions in addition to the ACC showed significant transient increases in activity associated with errors. These were the right (BA 9) and left (BA 46/9) dorsolateral prefrontal cortex and the left premotor cortex (BA 6). However, none showed significant effects of response competition.
Our reconceptualization of ACC activity as being related to response competition, rather than errors per se, has a number of important implications. First, it links the wealth of literature concerning the role of this region in higher level cognition [including the hypothesis that it is involved with late selection or "attention to action" (1)] with the ERP literature suggesting that it is responsive to errors. In particular, it reconciles the observation that reliable ACC activation is observed in some tasks that are associated with low error rates, such as the Stroop task and verbal fluency (15, 16) This study focused on ACC activity associated with response competition. The question remains open as to whether the ACC is responsive to competition only at this level or is also responsive to competition earlier in processing. Whichever is correct, the present findings demonstrate how error-related activity can occur without the need for a comparator and how such activity might represent one instance of a more general performance-monitoring function of the ACC. whole-body scanner with a standard head coil. Sixteen axial slices (with 3.75 mm 3 voxels) were obtained parallel to the AC-PC line. (1997 ). 9. The A X-CPT is a modified Continuous Performance Test in which sequences of single letters are presented as cue-probe pairs (Fig. 1) . During the task, participants were instructed to make a target response whenever the probe was an X preceded by a cue that was an A and to make a nontarget response to all other stimuli. Target (A X ) trials occurred with 70% frequency, and each of the three nontarget trial types (AY, BX, and BY ) occurred with 10% frequency. This frequency manipulation was introduced to produce higher levels of response competition in BX trials (non-A cue followed by X ) and AY trials (A followed by non-X probe) than in A X and BY trials (non-A cue followed by non-X probe). In BX trials, response competition occurs because the correct (nontarget) response conflicts with the tendency to give a target response to an X probe (the correct response 87.5% of the time). In AY trials, response competition occurs because participants are primed to give a target response after an A (correct 87.5% of the time) and must override this tendency to give the correct, nontarget response. A X and BY trials involve no such conflicts and thus elicit less response competition. . Error rates in the present study were also consistent with this formulation, being increased for BX (mean 6.2%, SE 3.6%) and AY (mean 6.5%, SE 5.1%) trial types, as compared with A X (mean 1.5%, SE 0.8%) and BY (mean 1.9%, SE 2.0%) trial types. Participants also performed a degraded stimulus version of the task. In the degraded condition, 90% of the pixels were randomly removed from the stimuli. In a previous study (8) , this manipulation was found to reliably increase error rates and to activate the ACC (however, because eventrelated methods were not used, it was not possible to specifically examine error-related activity). Participant performance in the current study confirmed that errors were greatly increased under stimulus degradation [baseline: mean ϭ 2.5%, SE ϭ 0.6%; degraded: mean ϭ 29.8%, SE ϭ 2.8%; t (12) ϭ 10.5, P Ͻ 0.001]. However, degraded performance remained significantly above chance [mean dЈ ϭ 1.41, SE ϭ 0.13; t (12) ϭ 11.2, P Ͻ 0.001]. Trials in both conditions lasted for 20 s, and scan acquisition occurred in an event-related manner (see Fig.  1 ). Each condition had five blocks of 10 trials, with the order counterbalanced across participants. Under both conditions, participants were given standard instructions to respond both quickly and accurately. Participants provided written informed consent in accordance with the Institutional Review Board at the University of Pittsburgh. 10. Data were analyzed with a confirmatory ROI approach. Current fMRI data were registered to the same reference brain used in our previous study (8) , and a 39-voxel ACC region identified in that study was used to precisely define the ROI ( Talairach coordinates 4, 25, and 43). The confirmatory analysis for each ROI was performed as follows. We conducted analyses of variance (ANOVAs) for each voxel within the ROI to determine how many showed significant predicted effects (P Ͻ 0.05), using the Huynh-Feldt correction for nonindependence of repeated measures. We then determined the likelihood of this number of voxels showing a significant effect by chance alone. This was achieved through Monte Carlo simulations (10,000 iterations), in which 13 random data sets were generated (corresponding to the 13 participants in the study). , and a smoothing kernel of these dimensions was applied to the simulated data. Then ROI determination and assessment of statistical significance were performed in the same manner as for the empirical data. All P values reported for the confirmatory analyses were obtained from these simulations. 11. A task (degraded versus nondegraded) ϫ scan (1) (2) (3) (4) (5) (6) (7) (8) interaction revealed 12 of 39 contiguous voxels within the ACC ROI that were significant (P Ͻ 0.004). The main effect of task was not significant (0 out of 39 voxels). These results precisely replicated previous findings with this task (8) . The error-by-scan interaction, pooled across degraded and nondegraded conditions, was highly significant (23 of 39 voxels, P Ͻ 0.0001). Because the task ϫ scan analysis demonstrated condition-related effects on ACC activity, we also performed the error analysis using only the degraded condition (although this reduced power in the analysis because half of the images were removed). This analysis revealed that 11 out of 39 voxels were significant for the error effect (error ϫ scan interaction, P Ͻ 0.008). Similarly, when we considered only A X trials, in the degraded condition 11 of 39 voxels showed the error effect (P Ͻ 0.008). Activity was found to increase during the period of probe response, when the 5-s hemodynamic lag that underlies the fMRI signal is taken into account [K. K. Kwong et al., Proc. Natl. Acad. Sci. 89, 5675 (1992)]. 12. Only the baseline A X-CPT was used for this analysis, as degradation is likely to add additional variability and perhaps obscure the effects of trial type. The analysis revealed that 11 out of 39 voxels were significant for the competition effect (cue ϫ probe ϫ scan interaction, P Ͻ 0.008). Both error and trialtype effects occurred within the exact same region of the ACC, as 10 of 39 pixels were significant for both effects (P Ͻ 0.0001). 13. The additional ROIs were taken from our earlier study (8) , as they had also shown a significant task ϫ scan within-trial interaction. In the current study, 8 out of 21 voxels (P Ͻ 0.004) in BA 45/47 and 13 out of 21 (P Ͻ 0.0001) voxels in BA 44/45 showed a significant task ϫ scan interaction, again replicating previous results. The effect did not replicate in the striatal ROI (none of the 10 voxels were significant). Five out of 21 voxels in BA 44/45 showed a significant error by scan interaction (P Ͻ 0.03), but none showed a trialtype effect. None of 21 voxels in BA 45/47 showed a significant error effect, and 3 showed a trial-type effect (P Ͼ 0.05)
